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INTRODUCTION 
Our overall goal is to develop clinically applicable tissue characterization methods, 
based on quantitative analyses of backscattered ultrasound, which can differentiate normal 
from diseased heart segments. In implementing these methods there is a need to compensate 
for the inherent anisotropic properties of the heart that are exhibited in echocardiographic 
images.[l-4] Furthermore, quantitative tissue characterization methods may be able to 
exploit the inherent anisotropy of the myocardium to achieve assessment of cardiac 
properties.[5-9] The specific aims of this investigation were to measure the spectral 
properties of backscattered ultrasound using a clinical imaging system and to determine 
effects of inherent tissue anisotropy on measured spectral properties of backscattered 
ultrasound. 
Our approach was to acquire and analyze backscattered ultrasound from excised tissue 
specimens using an echocardiographic imaging system. Measurements of time-domain 
integrated backscatter [10, 11] and the centroid frequency ofpower spectra [12-19] were 
performed on excised specimens of bovine tendon. This tissue type was chosen because the 
fibers are very weil aligned and one can readily vary the scattering and attenuation properties 
by changing the angle of insonification with respect to the predominant fiber orientation.[5-9] 
A modified version ofthe commercially available Hewlett-Packard Sonos 1500 phased-array 
echocardiographic imaging system was used. This imaging system was equipped with the 
Acoustic Densitometry (AD) image acquisition and analysis software package and also 
allowed access to the IF signals in the sector scan representing the backscattered RF A-lines. 
METHODS 
Specimens 
Excised specimens of bovine tendon were obtained and fixed in formalirr solution. 
Five right-cylindrical plugs were cut from the tendons with approximate dimensions of 1.5 
cm in diameter and 1.0 cm in thickness. The tendon plugs were mounted on the end of a 
Styrofoam™ cylinder suchthat the axis of each cylindrical tendon plug was perpendicular to 
the predominant fiber orientation. The predominant fiber orientation in each tendon specimen 
was readily determined visually [8] and a fiducial mark, indicating the direction of the fibers, 
was inscribed on the Styrofoam ™. This aided the initial alignment of the tissue specimens 
during data acquisition. The tendon plug specimen assernblies were stored in formalirr 
solution for several months. 
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Data Acguisition 
Ultrasonic integrated backscatter images of the tendon specimens were obtained with a 
Hewlett-Packard Sonos 1500 imaging system. The imaging systemwas configured to 
acquire two-dimensional integrated backscatter images of the specimens while imaging in the 
AD mode. A 2.5 MHz phased-array probe was covered with a Iatex sheath and securely 
mounted in an immersion tank filled with water. The tendon plug specimen assembly was 
friction fit into a mounting fixture at the end of a rotating rod. Care was taken to ensure that 
the plane of insonification was through the tendon specimen and any effects arising from the 
mounting fixture were minimized. The time-gain-compensation (TGC) was held at a 
constant value over the region of the tendon image and configured such that both the image 
and backscattered RF signals were not saturated. Transmit power was held constant for all 
specimens. Lateral gain compensation (LGC) was not used in this study. The imaging 
system was configured for a 10 cm depth setting with the tendon specimens positioned 
approximately 6 cm from the face of the transducer probe and centered in the image sector. 
The tendon specimens were initially oriented such that they provided the maximum integrated 
backscatter image brightness. Previous investigations have shown this occurs when the 
insonifying beam is perpendicular to the predominant fiber orientation.[1, 2, 6, 8, 20] 
Integrated backscatter image frames were obtained for each orientation of the tendon 
specimen as the specimens were manually rotated in 10 (± 2) degree increments. The time-
domain based integrated backscatter image frames, corresponding to a full revolution of each 
tendon, were stored to optical disk for subsequent analysis. 
The information contained in the backscattered ultrasonic RF signals was available from 
the Sonos 1500 in the form of an intermediate frequency (IF) signal. The IF signals 
corresponding to each of the acquired AD integrated backscatter image frames were 
simultaneously digitized. These IF signals are directly related to the received backscattered 
ultrasonic RF signals foreachangle of insonification. The Hewlett-Packard Sonos 1500 
imaging system had been modified to permit acquisition of ultrasonic IF A-line signals after 
time-gain compensation was applied but prior to any further image processing. The IF 
signals were digitized at approximately 20 megasamples/second with 8-bit resolution. The 
digitization system consisted of a LeCroy model 8025 crate with plug-in LeCroy modules 
(6103 Amplifier, TR8828D Transient Recorder, 6389 Memory Controller, sixteen 6309 1 
MB Memorymodulesand a 8901A GPIB Interface module). This systemwas capable of 
digitizing up to 16MB ofthe incoming IF signals. The digitization systemwas interfaced to 
a Macintosh llfx computerviaaNational Instruments IEEE-488 card with DMA capability 
(National Instruments NB-DMA2800) in the Macintosh NuBus. The Macintosh computer 
was used to control the LeCroy digitization system and store the recorded IF waveforms for 
subsequent, off-line analyses. Both the AD acquisition system and the IF digitization system 
were triggered to acquire data simultaneously by applying an electronically generated R-wave 
into the ECG input of the Sonos 1500. 
AD Time-Domain Data Analysis 
The integrated backscatter images for each tendon specimen were analyzed using the 
commercially available AD analysis package on the Sonos 1500 imaging system. Digitized 
integrated backscatter images were recalled from digital storage and displayed in continuous-
loop-review (CLR) format. Foreachimage frame corresponding to a specific angle of 
insonification, a circular region-of-interest (ROI) 0.9 cm (31 pixels) in diameterwas placed 
within the image of the tendon. The mean integrated backscatter value within the region-of-
interest was deterrnined for each image frame, i.e., for each angle of insonification. The 
mean integrated backscatter values for all image frames (angles of insonification) were stored 
as a separate data file. This analysis procedure of the time-domain integrated backscatter 
images was repeated for each of the tendon specimens. 
RF Spectral Data Analysis 
Digitized IF signals corresponding to the irrrage frames for each angle of insonification 
were analyzed. The first step in the analysis procedure was to reconstruct the image frames 
from the recorded IF signals. Image reconstruction was performed on a Macintosh Power 
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PC computer. Once the image frames were reconstructed a circular region-of-interest, similar 
in dimension to the region-of-interest used in the time-domain based integrated backscatter 
image analysis, was placed in the image of the tendon. The IF signals contained within the 
region-of-interest were time-gated in 3.2 Jlsec segments, Hamming windowed, and zero 
padded to a length of 256 points. The frequency power spectrum was determined for each 
3.2 JlSec IF segment contained within the region-of-interest. These power spectra, 
representing the individual IF segments within the region-of-interest, were averaged to 
produce a mean spectrum representing the region-of-interest. This mean power spectrum 
was mapped from an IF representation to an RF representation, thus providing a true 
representation of the spectral components of the backscattered ultrasonic signals. The total 
power contained over the entire available bandwidth (from zero to the local oscillator 
frequency of 3.6 MHz) and the associated centroid frequency were determined for the mean 
spectrum representing the region-of-interest. Spectral power and centroid frequency values 
for all image frames (angles of insonification) were determined and storedas separate data 
files. This analysis procedure was repeated for each of the tendon specimens. 
RESULTS 
AD Time-Domain lntegrated Backscatter Measurements 
Integrated backscatter values as a function of the angle of insonification were measured 
with the commercially available AD analysis package for all five of the tendon specimens as 
described above. These individual anisotropy curves were averaged to obtain a mean 
integrated backscatter anisotropy curve. The mean anisotropy in the measured integrated 
backscatter, defined as the difference between the corresponding values at parallel and 
perpendicular insonification, was found to be 27 ± 2 dB (mean ± SE). 
RF Spectral-Based Centroid Frequency Measurements 
The backscattered power and centroid frequency values for each of the angles of 
insonification were obtained using RF spectral analysis methods for all five of the tendon 
specimens as described above. As with the anisotropy curves obtained with AD-based 
analysis, the backscattered power anisotropy curves were aligned such that the peak values 
are in the center of a plot. Any alignment applied to the backscattered power anisotropy 
curves was also applied to the centroid frequency anisotropy curves. A mean centroid 
frequency anisotropy curve was obtained by averaging the individual curves. The anisotropy 
in the measured centroid frequency, defined as the difference between the corresponding 
values at paralleland perpendicular insonification, was found tobe 450 ± 150kHz (mean ± 
SE). 
DISCUSSION 
Results of this investigation illustrate that the inherent anisotropy of tissue has 
measurable effects on the spectral properties of backscattered ultrasound. The integrated 
backscatter values are largest with insonification perpendicular to fibers and the centroid 
frequencies of power spectra shift to lower values as one moves from perpendicular to 
parallel angles of insonification. These measurements are consistent with our model for the 
inherent anisotropy ofultrasonic attenuation and backscatter in tissue.[S-9, 20-22] 
Furthermore, these results suggest that the spectral properties of backscattered ultrasound can 
be measured quantitatively with a clinical imaging system and it may be feasible to apply 
these methods of tissue characterization in a clinical setting. 
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